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CHAPTER I
lOTRODUCTION
The effect of temperatxire on the rates of chemical reactions are
predictable on the basis of the fundamental laws of thermodynamics.
Most biological phenomena are essentially chemical in nature} therefore,
it is conceivable that thermodynamic principles are applicable to
temperature effects on biological reaction rates.
The Arrhenius and van*t Hoff equations are thermodynamic prin¬
ciples often used to interpret temperature effects on biological reaction
rates. Values obtained by the use of the Arrhenius eqiiation in determin¬
ing temperattire effects on biological raction rates were applied to the
analyses and interpretation of the tinderlying chemical phenomena by
Crozler (*26). This application has been the subject of much discussion
and controversy. However, most attacks have been made on the basis of
empirical reasoning rather than experimental data.
This study was primarily concerned with the existence of a constant
critical temperature in a particular reaction. This is a point in the
third part of the Crozier theory as organized by Johnson (*54). Cardio-
electrograms were used with the Arrhenius and van't Hoff eqiiations in




After studying the influence of ten^jeratiire on the inversion of
sucrose, Arrhenius (1889) found that a linear relationship existed between
the rates of reactions and the reciprocal of the absolute temperature.
He applied the vein't Hoff isochore to this relationship and established an
empirical equation. Integration of the original equation resulted in the
following form.
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- rate at original temperature T - original temperature
(Absolute)






e - base of natural logarithm
q - energy required for inversion of one molecule of sucrose
Krogh ('l4) used a modified version of the van't Hoff equation which
expressed the multiple by which a 10° C. rise in temperature increased
the rate of chemical reactions. Application of this equation,
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- temperature coefficient t^ - first tenperature
- rate at first temperature - second temperatinre
- rate at second temperature
to studies of temperature relationships involved in developing frog eggs,
showed that was not constant but decreased with temperature increase.




which indicated that the velocity of a given process is a linear function
of the temperature, and probably remained constant over a greater range of
temperatures than the van't Hoff eqxiation ’
Crozier and Pilz ('24) found, in a study of the effects of temperatvire
on locomotion of Limax, the Arrhenius equation a more effective means of
interpreting data. The symbol u was substituted for q in the original
equation and the values obtained were called temperature characteristics
in order to avoid confusion with temperature coefficients
Calculation of u values for locomotion in the diplopod Julus and the
ant LiometopiJm showed a very close relationship. This prompted Crozier
(’24) and ('25a) to examine factors responsible for the close relationship.
The catenary natxire of biological reactions provided a basis for the
assumption that the overall reaction rate was dependent upon the speed of
each reaction involved. If one reaction proceeded at a slower rate, the
entire reaction was affected. This line of reasoning, together with the
close relationship of the u values, indicated that similar chain reactions
were involved in locomotion.
Crozier (*24) and ('25b) analyzed the u values for biological oxida¬
tive processes and oxidations in chemical reactions. The frequent
occurrence of the same u promoted the idea that similar chain reactions
were involved, and that the same slow reaction controlled the rate of the
reaction.
Crozier ('26) noted that the irreg\ilarities which occurred in cor¬
relations between temperature and rates of biological processes were not
distributed at random. These irregularities usually resulted in a change
in the slope of lines in an Arrhenius plot of the data, and occurred most
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frequently at the following temperatures: 4.5, 9, 15, 20, 25, 27, and
o
30 C. Since u values were believed to indicate the energy requirement
of the slowest reaction in a chain, Crozier concluded that the change in
u values must have resulted in a shift in the control of the overall
reaction from one master reaction to another.
The preceding work hy Crozier ('24) and (’26) has been organized by
Johnson ('54) into a theory embodying the following points: (a) a catenary
series of reactions, each with a definite u value, underlies every physio¬
logical process; (b) the overall process is limited, within a definite
range of temperatures, by a slowest or master reaction; (c) at a certain
critical temperature a different reaction may assxime control, and a sharp
"break" will be apparent in an Arrhenius plot of the data; and (d) it
might be possible to identify similar reactions by correlations in their
measured u values.
Barnes and Warren (’37) based a study on the second point in the
Crozier theory. In an effort to determine the effect of temperature on
the pulsation rate of isolated turtle auricles, they applied the Arrhenius
equation to prepeirations suspended in equal volumes of Ringer's solution
made with either distilled water or 80^ heavy water. It was demonstrated
that a given preparation did not necessarily change its u value when
changed from ordinary Ringer's solution to that made with heavy water.
This fact led to the conclusion that the reaction controlling the rate of
pulsation was not affected by heavy water.
The Arrhenius and van't Hoff (Qj^q) equations have been applied ex¬
tensively to cardiac activities. However, recent studies have bean more
concerned with the effects of temperature on the electrical phenomena
associated with cardiac activity. Ruskin and Dercherd ('49) perfused
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isolated rabbit hearts with isotonic fluids at various temperatures.
Electrocardiographic studies of contraction indicated that cooling caused
progressive atrio-ventricular block, and to a lesser extent, intraventric¬
ular blockfWlth prolongation of the electrical systole (Q-T interval)
beyond the expected bradycardia influence. Heating shortened the various
electrocardiographic intervals; however, excessive heat frequently caused
prolongation of the Q-T intervals.
Burger and Terroux (*53) isolated cardiac fibers in order to measure
the membrane resting and action potentials of the right auricle of the
cat. The mean resting potential in 625 fibers from 31 normal hearts was
60 mvt. The action potential was 65 mvt., and had a prolonged falling
phase (100-350 mvt./msec.). Lowering the temperature caused prolongation
of the recovery phase and made it markedly diphasic.
Katzung ('56) suspended isolated turtle myocardium in oxygenated
Tyrode’s solution and varied the temperature and rate of stimulation.
He found that increasing the rate of stimulation at 38° 0. produced a
positive treppe, whereas increasing the rate of stimulation at l4° 0.
produced a negative treppe. At intermediate temperatures, increasing the




Adult Pseudemys scrlpta troostii used for this study were obtained
from Carolina Biological Supply Company, Elon College, North Carolina.
Upon arrival they were transferred to a damp aquarim and were maintained
there without food for the dviration of the experiment. Two series of
experimental studies were performed; one vivo, the other vitro.
In the in vivo series the turtles were rendered insensible hy a blow
on the head or were decapitated. They were placed immediately in an ice
bath to prevent excessive hemmorhage and to lower body temperature. The
pericardia were exposed by making a 4 in. square opening in the plastron
with a ^ in. diameter saw powered by an electric drill. The hearts were
exposed by removing the pericardia. The turtles were left in the ice batti
and transferred to a constant temperature room (l8°C.) \nitil the body
cavity and rectal temperatures were 15°C* The temperatures were lowered
to Uy the addition of amphibian Ringer’s solution at 0°C. to the
body cavity. The tiortles were removed from the constant temperature room
and the rectal and body cavity temperatures were allowed to rise slowly.
Higher temperatures were obtained by the addition of warmed Ringer's solu¬
tion to the body cavity. The time required for 10 heart contractions was
recorded at approximately two degree intervals.
In the jn vitro series the turtles were rendered insensible and their
hearts exposed in the same manner as in the in vivo series. The hearts
were removed by severing the lairge blood vessels and other connections
with scissors. The hearts were transferred to a paraffin container (3 X




lowered to 11 C. by the addition of chilled Ringer's solution to the con¬
tainer, and raised above room temperature by the addition of warmed
Ringer's solution. The time required for 10 heart contractions was re¬
corded at approximately two degree intervals.
Heart rates at the various temperafure intervals were calculated by
substituting the time required for 10 heart contractions into the formula
1
rate - 100 X time
and the logarithms of these rates were plotted against the reciprocal of
the absolute temperatiires. A straight line was drawn on these graphs
which connected as many points as possible or in a position such that the
points were equally distributed around it. The slopes of the lines were
determined and the values were substituted in this modified version of
the Arrhenius equation.
u = 4.6 lo^. Kj - log,
1-1
and K2 - heart rates
T-j_ and T2 - absolute temperatures
Temperature coefficients were calculated by using the logarithmic form of
the van't Hoff eqviation.
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log Q^p - ^2 - (log K2 - log )
and K2 - heart rates
t2_ and t2 - centigrade temperatures
The changes in the electrical phenomena involved in heart contraction
were observed and recorded with the following equipment.
Cathode ray oscilloscope - Type 503 (Tektronix Inc., Beaverton,
Oregon) settings; vertical sensitivity - 2, or 10 mv./cm.
sweep speed - .2, .5, 1^ 2, or 5 sec./cm.
8
slope - positive
Pre-amplifier - Model P5 (Grass Instnoment Company, Quincy,
Mass.) settings; amplification - 28 K
attenuator - 4
amplitude frequency (high) - 30 KC
amplitude frequency (low) - 7 cps
Single lens reflex camera - 35
settings: shutter speed - hulh
lens opening - 3,5
range - 2.5 ft.
Kodak Tri-X film
Platinum electrodes were attached to shielded microphone cable and
coated with Duco cement. The negative electrode was placed on the surfaces
of the hearts, the positive electrode was placed in the body cavities.
During the in vitro studies both electrodes were placed on the surfaces of
the hearts. The cables from the electrodes were attached to the input of
the pre-amplifier eind the latter was attached to the vertical input of
the oscilloscope. Sweep speeds on the oscilloscope were slowed in order
to insure persistence of the trace for photographic records.
Photographs of the oscilloscope traces were enlarged to scale and
printed so that calculations of the changes in cardiac intervals and
changes in the electro-potentials of contraction could be made. The
vertical display on the prints represented the voltage of the potentials
and was calibrated in mv./cm. by the vertical sensitivity setting of the
oscilloscope. The horizontal display on the prints represented a time
relationship and was calibrated in sec./cm. by the sweep speed setting of
of the oscilloscope.
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Three vertical deflections were recorded on most of the prints.
These deflections were: P wave which indicated auricular contractions;
QRS complex which represented ventricular contractions; and T wave which
indicated repolarization of the ventricles. Cardiac intervals were cal¬
culated hy measuring the distance (in centimeters) from the peak of one
deflection to the peak of the next and dividing this distance hy the
sweep speed setting of the oscilloscope. '
The electro-potentials of the cardio-electrogram were calculated hy
measuring the height of vertical deflection and mixltiplying it hy the
vertical sensitivity setting of the oscilloscope. The voltage from the
hearts was increased hy the pre-amplifier. The numerical value of the
amplification was obtained hy dividing the amplification setting hy the
attenuator setting. The actual potentials displayed hy the hearts were




Fifteen animals were used in this study; 9 in the vivo series,
and 8 in the vitro series. The animals were labeled alphohetically
in the order in which they were studied. Animals A - I were used in
the vivo studies ajid animals J - P were included in the to vitro
studies.
Calculations from experimental data are given in the following
tables;
Table I Temperature Characteristics (u values for all experi¬
ments)
Table II Temperature coefficients (average heart rates in each
series)
Table III Cardiac Intervals (P-R and R-T intervals)
Table IV Electro-potentials (qRS complex)
Averages of the tabulated calculations showed that the _to vivo and
in vitro studies had temperature characteristics of l8 kcal./ mole in the
lower and intermediate temperature ranges, and 9 kcal./ mole to high
teraperatixre ranges. Cardiac intervals and electro-potentials showed in¬
creases with regard to extreme temperature changes. At temperature
ranges of 15° - 25° and 17° - 27° C. temperature coefficients were the
same for in vivo and vitro studies^
Figures 1 and 2 are Arrehenius plots of the average heart rates of
both experimental series. Photographs of cardio-electrograras of in vivo
and to vitro hearts before temperatxires were altered are represented in
10
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figures 3 and 4. In some of the experiments there was no appreciable
change in the cardiac Intervals, however, there were distortions in the
form of the QPS complex. The cardio-electrograms of these experiments
are shown in figures 5-11 •
CHAPTER V
DISCUSSION
The temperatvire characteristics of tiortle heart rates indicated that
there are two values of u which appear at distinct temperature ranges; 18
kcal./ mole at lower and intermediate ranges, and 9 kcal./ mole at high
ranges. The hearts that were observed through all temperatiire reinges
demonstrated breaks in the Arrhenius plots of the data, whereas those
through only one or two of the ranges had u values that were typical for
that range. The break in the Arrhenius plots usually occurred between
.003^0 and .00330 (i/t); these values are equal to 21° and 29° C.
respectively.
Ten^jerature coefficients (Q^q) of the average heart rates in the two
series of experiments decreased with temperatiare increases; the values
are less than two for ranges above 21° C, in the ^ vivo series and
above 25° C, in the in vitro series. The value obtained for the range
19° - 29° C, of the in vitro studies was more than three. Most biological
reactions have temperature coefficients between two and three, therefore,
the values of less than two and more than three tend to indicate an
alteration in the normal process.
Turtle heart rate is controlled by the sinus venosus, and the im¬
pulses are propagated as electro-potentials. The sequence of these
potentials is a characteristic of the heart. Deviations in the sequence
of cardiac potentials would indicate alteration of the sinus venosus or
cardiac tissue. The occurrence of definite and similar changes in cardio-
electrograms which were recorded between 25° ^.nd 35° C, could have resxilted
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from some modification of the reactions involved.
The temperature ranges in which irregularities were manifested were
not identical in all methods of analysis, however, at temperatvires above
29° C, the irregularities were more frequent.
Crozier (’26) attributed the change in the slope of an Arrhenius
plot of heart rates to a shift in the control of the overall reaction
from one master reaction to another. He also postulated that the change
was the function of a definite temperature, and this temperature was
called the critical temperature of the reaction.
Since the lines on an Arrhenius plot of data are drawn by inspection,
and biological processes do not conform to the linear pattern as chemical
reactions do, the existence of a sharp break: in a plot of biological
data has been questioned. Burton (*39) concluded, on the basis of
empirical reasoning, that for one of two consecutive reactions to assume
mastery, at some particular temperature, its activation energy would
have to be at least 7 times that of the other reaction. Morales (’47)
demonstrated, by means of empirical reasoning, that the activation energy
would have to be only 2.7 times as great for a shift in mastery to occur.
Kavanau (*50) offered an empirical formula which explained the increase
in the apparent activation energy of these processes at low ten^eratures
as a resiilt in changes in the molecular arrangement of the enzyme which
affects catalytic properties. In this investigation it was not determined
which, if any, of the above formulations is valid.
The extent to which ten5)erature characteristics of catenary reactions
contribute to the changes in the slope of Arrhenius plots cannot be
accurately determined without some definite formulation. The Crozier
theory did not attempt to provide such a formula, and any such formula
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in physiological processes would be exceedingly complicated. Analysis
of the effects of temperature by other methods as well as temperatvire
characteristics might fix the temperattire at which disturbances in a
particular reaction would be expected to occur. The restilts of this
study tend to indicate that the critical temperature for turtle heart
rate is 29° C,
CHAPTER VI
SUMMARY AND CONCLUSIONS
1. Two temperatiire characteristics were obtained for turtle heart
rates; l8 kcal./ mole for lower and intermediate temperatures,
and 9 kcal./ mole for high temperature ranges,
2. Temperature coefficients decreased with temperat\ire increases.
3. Cardiac intervals and electro-potentials were affected hy ex¬
treme changes in temperatxore, and similar effects were mani¬
fested at high and low ten^jeratures.
4. Disturbances in the sequence of cardiac potentials were observed
between 25° and 35° C.
5. The inclusion of the same temperature in all of the ranges in
which irregularities were exhibited tends to indicate the
existence of a critical temperature for turtle heart rates.
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F 18 kcal./mole 18 kcal./mole 8 kcal./mole




K 18 kcal./mole 18 kcal./mole 9 kcal./mole
L 18 kcal./mole
M 18 kcal./mole 18 kcal./mole 9 kcal./mole
N 18 kcal./mole 18 kcal./mole 9 kcal./mole
0 18 kcal./mole
Average
in vivo l8 kcal./mole 18 kcal./mole 9 kcal./mole
Average




Teraperatiire In Vivo In Vitro
Range “Series Series
5° - 15° C. 2.13
7° - 17° C. 2.23
9° - 19° c. 2.18
O 0
11 - 21 c. 2.75 2.29
13° - 23° c. 2.88





19° _ 29° c. 2.84 3.54
21° - 31° c. 1.91
23° - 33° c. 1.58
25° - 35° c. 1.77 2.29
27° - 37° c. 1.73 1.86
29° - 39° c. 1.23 1.25
31° - 4l° c. 1.47




P - R Intervals in Secs.
Temperatxire Turtles
Ranges c D E F G K L M 0 P Average
5° - 10°C. .2 .35 8.6 .6 .06 1.2 1.9
11° - 15°C. 1.3 1.2 1.8 1.6 1.47
16° - 21°C. .6 .6 3.0 .7 1.22
21° - 25°C. .4 .9 3.2 1.5
26° - 30°C. 2.0 1.3 1.6
31° - 35°C. .8 .8 .1 1.2 9.2 2.4
36° - 4o°c. .5 .28 .39
4i° - 45°c. .8 .8
R - T Intervals in Secs.
Temperature Thirties
Ranges c D E F G K L M 0 P Average
5° - 10°C. .6 .9 .o4 1 .63
11° - 15°C. .9 1.9 1.9 5 1.3
16° - 20°C. .4 .7 .9 .33
21° - 25°C. .6 .5 2.2 3.4 1.67
26° - 30°C. .7 .7








ELECTRO-POTEOTIALS OF QBS CaiPLEX
(X 10“^ mv.)




9.4 9.1 5.0 6.2 10.0
D
4.2- 10.0 10.2 10.0 2.8
/ 4.2 5.4 1.2 5.7 7.8
E
6.4wm 2.2 2.5 8.5 7.2
i 7.1 7.1 7.1 7.0
F
14.2- 5.7 15.0 8.5
/ 5.0 16.2 17.8 24.2 i4.i
G
3.4- 4.2 12.1 l4.1 i4.2
/ 2.0 2.8 2.0 3.2 2.5
K









Animal 5-10 c. 11-15 C. 16-20 C. 21-25 C. 26-30 C. 31-35 C. 36-400
/ 3.4 2.2 7.1
0
m 3.4 5.7 4.2
/ 7.8 9.0 4.2
P
tm 17.1 13.1 2.2
/ 3.8 13.0 11.1 9.8 4.1 7.0 6.1
Average




Figure 1. This is a photograph of an Arrhenius plot of the average heart
rates in the vivo series of experiments.
Figtrre 2. This is a photograph of an Arrhenius plot of the average heart
rates in the in vitro series of experiments.
Ordinate shows the logarithm of the heart rate,










The cardio-Electrogram of a normal vivo heart with oscillo¬
scope settings; vertical sensitivity 5niv,/cmj and sweep speed
.5sec./cm.
The cardio-electrogram of a normal jji vitro heart with oscillo¬
scope settings; vertical sensitivity 5 mv./cm; and sweep speed
.5 sec/cm.
The cardio-electrogram of vivo heart D at 31 C, with oscillo¬









The cardio-electrogram of vivo heart E at 33 C, Oscillo¬
scope settings: vertical sensitivity 5 mv./cm.* and sweep
speed .5 sec./cm.
The cardio-electrogram of in vivo heart E at 35 C. Oscillo¬
scope settings: vertical sensitibity 5 'mv./cm.; and sweep
speed .5 sec./cm.
The cardio-electrogram of in vivo heart F at 29 C. with
Oscilloscope settings vertical sensitivity 5 mv./cm.; and





*A11 figures are photographs of oscilloscope traces.
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Figure 9* The cardio-electrogram of vitro heart K at
scope settings: vertical sensitivity 2Eiv./cm.; and
.5 sec./cm.
Figure 10, The cardio-electrogram of vitro heart M at 35°C.
scope settings: vertical sensitivity 2mv./cm,* and
.5 sec./cm.
Figure 11, The cardio-electrogram of in vitro heart L at 33°C,
scope settings: vertical sensitivity 5mv,/cm.j and
1 sec./cm.
with Oscillo-
sweep speed
with Oscillo-
sweep speed
with Oscillo-
sweep speed
 
